We disrupted the fibroblast growth factor (FGF) receptor 2 (FGFR2) gene by introducing a neo cassette into the IIIc ligand binding exon and by deleting a genomic DNA fragment encoding its transmembrane domain and part of its kinase I domain. A recessive embryonic lethal mutation was obtained. Preimplantation development was normal until the blastocyst stage. Homozygous mutant embryos died a few hours after implantation at a random position in the uterine crypt, with collapsed yolk cavity. Mutant blastocysts hatched, adhered, and formed a layer of trophoblast giant cells in vitro, but after prolonged culture, the growth of the inner cell mass stopped, no visceral endoderm formed, and finally the egg cylinder disintegrated. It follows that FGFR2 is required for early postimplantation development between implantation and the formation of the egg cylinder. We suggest that FGFR2 contributes to the outgrowth, differentiation, and maintenance of the inner cell mass and raise the possibility that this activity is mediated by FGF4 signals transmitted by FGFR2. The role of early FGF signaling in pregastrulation development as a possible adaptation to mammalian (amniote) embryogenesis is discussed.
The fibroblast growth factor (FGF) system consists of four receptors (FGFR1-4) and 15 growth factors (FGF1-15). Signaling through FGFRs results in proliferation and differentiation of cultured cells. In vivo they contribute to multiple events of embryogenesis, from late gastrulation to various aspects of organogenesis (1) (2) (3) (4) (5) (6) (7) (8) . In the adult they have been implicated in angiogenesis, wound healing, tumorigenesis (9) (10) (11) , and congenital dominant craniofacial and limb defects (for review see ref. 12 ).
The earliest acting member of the FGF system is FGF4. Its targeted loss-of-function phenotype results in embryonic death soon after implantation (1) . FGF4 is first expressed during cleavage (13) ; later it is active in the blastocyst, in the egg cylinder, and then in the primitive streak (14) . Between the blastocyst and primitive streak stages, implantation takes place, the first lineage decisions are made, the main body axes are laid down, and precursors of the extraembryonic tissues are formed (15) . The latter establishes the typical mammalian fetal-maternal relationship. Much has been learned about the molecular mechanism of gastrulation, which is shared by all vertebrates. Less information is, however, available on early mammalian development and its aspects specific for amniote embryogenesis.
This investigation set out to study the nature of the receptor or receptors that transmit early FGF signals. In situ hybridization patterns suggested that FGFR2 may be one of the earliest-acting FGF receptors (16) . Early expression has been detected with the highly sensitive reverse transcription (RT)-PCR assay also for FGFR3 and FGFR4 (13) . More recent gene targeting experiments revealed loss-of-function phenotypes of three FGF receptors. FGFR1 is required during gastrulation for morphogenetic movements through the primitive streak (17) . FGFR3 was shown to be a negative regulator of long bone development (18, 19) , whereas targeted FGFR4 mutants showed no phenotype (C.-X. Deng, personal communication). We therefore assumed that FGFR2 may be a good candidate for the transduction of early FGF signals. Here we report gene targeting experiments, which suggest that FGFR2 is required for early postimplantation embryogenesis. Our data suggest that FGFR2 contributes to visceral endoderm differentiation and to the growth and maintenance of the inner cell mass (ICM).
MATERIALS AND METHODS
Animals. Random-bred MF1 (Harlan Laboratories, Ein Karem, Jerusalem) and inbred 129͞SvPas mice were used.
Gene targeting was performed by aggregation using R1 embryonic stem (ES) cells (20) . The construct was prepared from a 129SvJ genomic phage library.
Embryo Culture. Two-to eight-cell embryos were grown in drops of M16 medium under liquid paraffin (BDH). Blastocysts were grown in ES cell medium without lymphocyte inhibiting factor (LIF) (20) on gelatin-coated tissue culture plates. After 2 days the positions of the blastocysts that adhered were registered. They were individually photographed and harvested with Eppendorf tips for PCR.
PCR. Embryos grown in vitro were placed into 200 l of lysis buffer for DNA extraction (21) . Two primer pairs were used. One pair, 5Ј-AGAGGCTATTCGGCTATGACTG-3Ј and 5Ј-TTCGTCCAGATCATCCTGATC-3Ј, recognized the neo gene, whereas the other, taken from the two ends of the IIIc exon, 5Ј-GCCGCCGGTGTTAACACC-3Ј and 5Ј-CTGGCA-GAACTGTCAACCA-3Ј recognized the wild-type receptor and was absent from homozygous mutants. The IIIc signal was detected by Southern blot hybridization.
Immunochemistry. The visceral endoderm of cultured blastocysts was detected with biotin-conjugated Sophora japonica lectin (22) and visualized with ExtrAvidin Cy3 (Sigma). A sheep antibody against the complete ectodomain of human FGFR2 IIIc (Binding Site, Birmingham, U.K.) was also used. The antibody was characterized by its reactivity with mouse or human FGFR2 expressed in BAF cells, but not with FGFR1, FGFR3, or FGFR4, or with control BAF cells assayed by The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Western blotting or immunofluorescence. To detect FGFR2 in the cell membrane of cultured blastocysts, staining was performed without fixation, in M2 medium containing 0.1% BSA and 0.02% sodium azide. For confocal microscopy, blastocysts were stained in suspension after fixation with methanol, according to Larue et al. (23) .
Histology and in Situ Hybridization. Implantation sites between 4.25 and 5.5 days post coitus (d.p.c.) were detected by an intravenously injected vital dye, Chicago sky blue. Uterus fragments with implantation sites were fixed and embedded in paraffin, and in situ hybridization with FGFR2 and FGFR1 probes was performed as previously (16) . Embryos (4.25-6.5 d.p.c.) were serially sectioned.
RESULTS
Targeted Disruption of FGFR2. A neo cassette, controlled by the PGK-1 (3-phosphoglycerate kinase) promoter, was inserted in reverse transcriptional orientation into the EcoRV site of exon 9, encoding the IIIc Ig-like loop of the ligand binding domain (24) . In addition, we deleted a 10-to 13-kblong genomic DNA fragment that connects a HindIII site upstream of transmembrane exon 10 with a ClaI site in exon 12, encoding the ATP binding site of the first kinase domain ( Fig. 1A -C). Our construct had the potential to create multiple defects. It abolished the IIIc transcriptional alternative. By reversing the transcriptional orientation of neo, multiple translational stop signals were created and the deletion abrogated the receptor's membrane anchorage and enzymatic activity.
The construct was electroporated into R1 ES cells (20) . Neomycin-resistant homologous recombinant clones (15%) were isolated on the basis of Southern blot analysis ( Fig. 1D ). Two homologous recombinant ES cell lines were aggregated with eight-cell embryos (20) , and after their transmission to the germ line, two noninbred MF1-based mouse strains were established. Heterozygotes of both strains were normal and fertile. Inbred mice on 129͞SvPas background were also derived, but all strains displayed similar phenotypes.
The FGFR2 Mutant Dies Soon After Implantation. Mating FGFR2 heterozygotes did not produce live homozygous offspring, and no homozygous mutant embryos were found between 8.5 and 18.5 days of gestation (Table 1) . Moreover, very few decidua contained dead embryos, suggesting that the mutant dies before a visible decidual reaction. To investigate the earliest postimplantation stages, vital stained implantation sites (4.5, 5.0, 5.5, and 6.0 d.p.c) were subjected to histological analysis. All implantation sites were sectioned serially, and the ones with embryos visible at low power were selected for further observation. A number of ''empty'' decidua were, however, investigated at high power without finding distinguishable remnants of the embryo. Twenty-two 5.5 and 6.0 d.p.c. implantation sites contained no defective embryos. Three of 21 were abnormal at day 5.0 of gestation. At day 4.5, in contrast, a quarter (10 of 38) displayed characteristic defects (Fig. 2 ). This percentage was consistent with a single recessive lethal allele. It appears that increased capillary permeability, which indicates the first step of implantation, did not trigger full decidualization by the presumptive mutant embryo. Because empty implantation sites did not develop into fully decidualized ampullae, it appears that the uterine reaction induced by the mutant trophectoderm was incomplete.
Defective embryos could be distinguished by their random position with respect to the mesometrial-antimesometrial extent of the uterine crypt and by the absence of the former blastocele. They attached to the uterine epithelium but, instead of the canonical mesometrial position of the ICM (Fig.  2 A) , the defective embryo attached to the side (Fig. 2B ) or to the antimesometrial end of the crypt (Fig. 2C) , and in some embryos the ICM entirely disaggregated (Fig. 2D ). Most 4.5-d.p.c. normal embryos displayed a row of darkly stained presumptive primitive endoderm cells facing the yolk cavity ( Fig. 2 A) . This cell layer was not seen in the abnormal embryo. FGFR2 Is Required for ICM Differentiation in Vitro. First, two-to four-cell embryos deriving from (FGFR2ϩ͞Ϫ)F 2 or as control (FGFR2ϩ͞Ϫ ϫ ϩ͞ϩ) backcross matings were cultured until the blastocyst stage. No defects or differences between the two groups were observed, suggesting that the mutant can form normal blastocysts. Next, to simulate implantation, 3.5-d.p.c. blastocysts were explanted on gelatin-coated tissue culture plates. During the first 2 to 3 days, both F 2 and backcross blastocysts hatched from the zona, adhered, and developed a giant trophoblast layer around the incipient egg cylinder (compare Fig. 3B-D with E and G) . Soon afterward, however, the ICM of the mutant stopped expanding and disintegrated without developing a discernible visceral endoderm layer ( Fig. 3 B-D) . In all mutants the giant trophoblast layer survived the disintegration of the ICM (Fig. 3 C and  D) and was alive at the end of culture (day 5 to 7).
The genotype of normal and defective blastocysts was analyzed by PCR. The above phenotype was in full concordance with the mutant genotype ( Fig. 4) , with allele ratios consistent with a single recessive allele (bottom line, Table 1 ).
Hence both our in vivo and in vitro observations suggest that FGFR2 is required for early postimplantation embryogenesis.
The ICM differentiates into the primitive endoderm and its derivative the visceral endoderm, which surrounds the egg cylinder (15) . We investigated the contribution of FGFR2 to endoderm differentiation by the visceral endoderm-specific Sophora japonica lectin (22) at day 4 of culture, when little visible defect could be observed ( Fig. 3 E-H) . Biotin-avidin cytochemistry, with individual PCR genotyping, revealed much less signal surrounding mutant ( Fig. 3 G and H) than heterozygous wild-type egg cylinders ( Fig. 3 E and F) , indicating that FGFR2 is required for normal ICM differentiation.
Localization of FGFR2 in the Early Embryo. We previously described the localized expression of FGFR2 from 6.5 d.p.c. throughout embryogenesis (16) . Because the present data suggested that FGFR2 is required already at 4.5 d.p.c., we decided to explore the relevant period. Immunochemistry and in situ hybridization were used to this end. Confocal microscopy with an antibody specific to the ectodomain of FGFR2 demonstrated that FGFR2 is present on the membrane and in 
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Developmental Biology: Arman et al. Proc. Natl. Acad. Sci. USA 95 (1998) the cytoplasm of most cells of preimplantation blastocysts (Fig.  3I) . In situ hybridization gave similar results on free ( Fig. 5A ) and freshly implanted (not shown) blastocysts, with the difference that transcription was more pronounced in the trophectoderm than in the ICM. This trend increased as egg cylinder development progressed. At 5.5 and 6.5 d.p.c., FGFR2 transcripts localized to the trophectoderm derived extraembryonic ectoderm ( Fig. 5 B-E) , and by these stages no expression was detectable in the visceral endoderm. We conclude that FGFR2 is expressed in most cells of the early blastocyst. The pattern becomes more specialized during the egg cylinder stage, when it concentrates to the trophectoderm and its derivative the extraembryonic ectoderm.
DISCUSSION
We demonstrated here that FGFR2 is required for early postimplantation development. FGFR2 has two splice variants with different binding specificities (25) . The IIIc variant binds and transmits mitogenic signals from FGF1, -2, -4, -6, -8b, and -9, whereas the IIIb (KGFR) variant recognizes FGF1, -3, and -7 (26) . Hence FGF4 is a potential ligand for FGFR2-IIIc. FGF4 has the earliest known expression pattern among FGFs. It is present in the two-cell embryo, as seen by PCR (13) , and its transcripts are detectable by in situ hybridization in the ICM of mature blastocysts. In late egg cylinder embryos, after a more diffuse early expression pattern, FGF4 transcripts concentrate to the primitive streak (14) . Comparing the localized transcription of FGF4 and FGFR2 reveals the close proximity of their expression in preimplantation and early postimplantation embryos (16, 27) . Close functional connection between FGF4 and FGFR2 was indicated by the similarity of their targeted phenotypes, whereas loss of function of other FGFRs affected later events (2, 3, 18, 19) . It follows that the relationship between FGF4 and FGFR2 fulfills three criteria indicating functional interaction: they posses mutual binding affinity, they are coexpressed, and their loss-of-function phenotypes are similar. We therefore think that FGF4 and FGFR2 interact during a period that falls between implantation and the outgrowth of the egg cylinder. Additional mutagenesis and expression studies of new members of the FGF family, and as-yet-uninvestigated FGFR transcriptional variants, will test this hypothesis. In our FGFR2 mutation, translational elongation, binding specificity, membrane anchorage, and enzymatic activity were all abrogated. The group of C. Deng recently reported another targeted FGFR2 mutation (28) . They removed exons 7, 8, and 9, which together encode the third Ig-like loop of the ligand binding domain, whereas the transmembrane and enzymatic domains, as well as the first two Ig-like loops of FGFR2, remained intact. The result was midgestation lethality with placental defects, coupled with abrogated limb outgrowth and down-regulated FGF8 and FGF10 expression. Comparing the Proc. Natl. Acad. Sci. USA 95 (1998) two targeted genotypes to their respective phenotypes suggests that the mutation reported here may represent the null phenotype of FGFR2. Our homozygous mutant had the potential to synthesize a soluble fragment consisting of the first and second Ig-like domains. Such a fragment was not detectable in the cell membrane (unpublished data). Being a part of the ligand binding domain, it nevertheless could compete for the ligand and create dominant-negative effects. This effect, however, was not observed, since the heterozygotes were normal and fertile.
Despite the absence of FGFR2 activity, the ICM and trophectoderm of the blastocyst appeared to be normal, but soon after implantation, or somewhat later in its in vitro equivalent, the ICM ceased to thrive and the embryo died. Experiments with a visceral endoderm-specific lectin revealed defective endoderm differentiation. This observation is supported by recent experiments in our laboratory. Y.C., I. Rubin, J.K.H., and P.L. (unpublished results) showed that abrogated FGF signaling in embryoid bodies expressing truncated dominant-negative FGFR2 cDNA inhibits endoderm differentiation. Abrogated endoderm development was connected to the down-regulation of visceral endoderm-specific genes, including ␣-fetoprotein, GATA-4, HNF-4, and Evx-1 (29, 30) . This connection supports our suggestion that FGF signaling is required to induce endoderm differentiation in the ICM. The primitive endoderm and its visceral and parietal endoderm derivatives are components of the yolk sac. Hence FGF signaling appears to be involved in the development of this typical extraembryonic structure.
Differentiation of the ICM into primitive endoderm represents the second cell lineage decision of the mammalian embryo, whereas the first lineage decision involves the trophectoderm (15) . Our data suggest that FGFR2 may be required for certain trophectoderm functions. Mutant blastocysts induce increased capillary permeability, but no extensive uterine reaction. Hence in the absence of FGFR2 trophectoderm-induced decidualization (31) is incomplete. Trophectoderm defects and the resulting abrogation of fetal-maternal interactions may be responsible for the early in vivo death and also for the random position of the embryo in the uterine crypt. The latter may indicate a role for FGF signaling in early embryonic polarity. FGFR2 joins a group of genes that display early lethal loss-of-function phenotypes. The earliest is E-cadherin, a cell adhesion molecule required for trophoblast development (23) . FGF4 (1), ␤1 integrin (32, 33) , and Evx-1 (34) display phenotypes similar to that described in the present report for FGFR2. FGF4 is a potential ligand of FGFR2. Evx-1 encodes a homeobox protein. Its expression is connected with FGF signaling both in limb development (35) and in the differentiation of embryoid bodies (Y.C., I. Rubin, J.K.H., and P.L., unpublished results). Integrins mediate cell-to-cell and cellto-matrix adhesion, and they are associated with FGF receptors and other receptor tyrosine kinases (36) .
The role of FGF signaling in amphibian development has been investigated in great detail. FGF was among the first mesoderm inducers to be described (37, 38) . Dominantnegative loss of FGFR function abrogated posterior lateral mesoderm differentiation in the late Xenopus gastrula (39) . In contrast, targeted disruption of FGF4 and FGFR2 in the mouse resulted a considerably earlier phenotype. It is possible that FGFR2, and the gene activities associated with it, represent an evolutionary adaptation to mammalian or amniote embryogenesis.
